We report on the effects of the coupling of nematic order and elasticity in anisotropic lyotropic gels consisting of large nematic domains of surfactant coated single wall carbon nanotubes embedded in a cross-linked N-isopropyl acrylamide polymer matrix. We observe the following striking features: (i) undulations and then cusping of the gel sidewalls, (ii) a nematic director feld that evolves as the gel sidewalls deform, (iii) networks of surface cracks that are orthogonal to the nematic director feld, and (iv) fssures at the sidewall cusps and associated topological defects that would not form in liquid nematics.
We report on the effects of the coupling of nematic order and elasticity in anisotropic lyotropic gels consisting of large nematic domains of surfactant coated single wall carbon nanotubes embedded in a cross-linked N-isopropyl acrylamide polymer matrix. We observe the following striking features: (i) undulations and then cusping of the gel sidewalls, (ii) a nematic director feld that evolves as the gel sidewalls deform, (iii) networks of surface cracks that are orthogonal to the nematic director feld, and (iv) fssures at the sidewall cusps and associated topological defects that would not form in liquid nematics. DOI Topological defects and cracks are common in many condensed matter systems. Quenching and frustration induce various types of defects in liquid crystals and crystalline solids [1, 2] , and cracks arise from external and internal stresses in crystalline [3, 4] and amorphous solids [5] [6] [7] [8] . We explore the formation of cracks and defects in lyotropic nematic gels, materials that couple orientational ordering of embedded rods to an amorphous cross-linked polymer matrix. Thermotropic analogs of these materials have unique elastic properties [9] that make them candidates for use as actuators and artifcial muscles [10 -13] . Typically, these thermotropic materials are synthesized in a two-step process [9] of polymerization and cross-linking of liquid crystalline organic monomers followed by a second cross-linking under external stress. They do not exhibit topological defects because the strong coupling between the nematic director [14] and network elasticity makes their formation energetically unfavorable [9] . In addition, crack formation in the absence of external stress has not been observed in the thermotropic gels.
Herein, we investigate crack formation and defects in freestanding lyotropic nematic gels. These gels are amorphous solids of cross-linked N-isopropyl acrylamide (NIPA) polymer matrix with large embedded liquid crystalline domains of surfactant coated single wall carbon nanotubes (SWNTs). The alignment of SWNTs in these gels is larger near the gel surfaces than in the bulk [15] , the sidewalls of these nematic nanotube gels exhibit undulations and cusps, and the nematic director exhibits associated anomalous modulations [16] . Surprisingly, we observe networks of surface cracks orthogonal to the nematic director feld and fssures with associated 1 topological defects in these gels, even though there are no external stresses. We propose that an internal stress, arising from the coupling between the nematic order of SWNTs within the gel and the polymer network elasticity, causes cracks and defects to form. To the best of our knowledge, this is the frst observation of crack formation in a solid induced by an internal tensorial feld, in this case by nematic order.
Lyotropic nematic gels were prepared by frst dispersing SWNTs in water using an anionic surfactant sodium dodecyl benzene sulfonate (NaDDBS, C 12 H 25 C 6 H 4 SO 3 Na) [17] . These SWNTs are long and thin with an average length L 516 286 nm and average diameter d 1:35 0:15 nm [17] . The SWNT suspension and NIPA polymer ingredients (NIPA monomer, cross-linker, initiator, and stabilizer) were mixed and vortexed, loaded into rectangular capillary tubes, and polymerized at 295 K for 3 hours. Details of the gel preparation and the nanotube distribution in the gel can be found elsewhere [15] . The two ends of the capillary tubes were sealed with optical glue, taking care to avoid trapping air bubbles. Then samples were placed on a heated optical microscope stage at 338 K for observation. At this temperature, the NIPA network became hydrophobic, and the gels experienced a volume compression of 8 , expelling water in the process. The dimensions of the shrunken gels were 2 cm 2 mm 0:1 mm. The nanotube concentration in the shrunken SWNT-NIPA gels (c SWNT ) was 8:25 mg=ml, greater than the critical concentration for the isotropic-nematic transition of our SWNTs in the gel of 3:3 mg=ml [15] . Sealing the capillary tubes prevented water evaporation and drying.
We studied the evolution of these shrunken gel physical properties and determined the nematic director orientations using bright-feld, conoscopic, and polarizing microscopy. We made our observations with a Leica DMIRB inverted optical microscope and recorded images with a CCD camera (640 480 pixels) and an 8-bit video frame grabber.
Conoscopic microscopy [18] was used to determine whether the lyotropic rods have planar (parallel to XY plane; axes defned in Fig. 1 ) or homeotropic (parallel to Z axis) alignment. In these measurements, the gels were inserted between crossed linear polarizers with their directors at 45 relative to the polarizer pass axes, and illuminated with light ( 546 nm). An interference pattern, produced as a result of the phase difference between the ordinary and extraordinary waves passing through the sample, will contain two sets of dark hyperbolas, characteristic of planar alignment, or concentric circular fringes 0031-9007=05=95 (14) with an extinction cross, characteristic of homeotropic alignment [18] . The projection of the nematic director into the XY plane was very uniform, permitting conoscopic measurements throughout the gel except directly on the defects. These measurements showed two sets of dark hyperbolas. Thus, the nematic director had planar or nearly planar orientation.
Semiquantitative information about SWNT alignment in the gels were obtained from images of sample birefringence. Isotropic regions and those with nematic director aligned along one of the crossed linear polarizer axes appear dark. Regions with nematic director aligned in the plane of the polarizers and oriented at 45 with respect to the polarizer pass axes appeared brightest. To remove this twofold degeneracy, we illuminated these bright regions with light ( 546 nm), and then inserted a =4-wave plate between the polarizer and the sample. The slow axis of the =4-wave plate was oriented at 45 with respect to the polarizer pass axis. We then measured the transmitted intensities parallel (I ) and perpendicular (I ) to the slow axis of the =4-wave plate, where:
In Eq. (1), I k and I ? depend on the anisotropic absorption cross section of SWNTs [19] ; they are the transmitted intensities of light polarized parallel and perpendicular to the director, respectively. is the optical dephasing angle due to the anisotropic index of refraction of SWNTs [20] . The maximum birefringence (n) of our four-day-old gel samples with thickness d 100 m was less than 5 4 10 , corresponding to an optical dephasing of less than =5 ( 2 nd= ). In this regime of a weak dephasing ( < ), I is larger than I . Thus, we removed the twofold degeneracy and quantitatively mapped the director feld.
Observations of the time dependence of the physical properties of the gels are illustrated in Figs. 1(a)-1(c) . Before shrinking, the gels were isotropic and the gel walls were fat [ Fig. 1(a) ]. After shrinking, the gels remained isotropic and the gel walls remained fat for a few minutes to several hours. Thereafter, nanotubes in the gels started to order, and the gels started to become birefringent. Birefringence was stronger near the edges of the gels. Eventually, the gel sidewalls started to undulate [ Fig. 1(b Fig. 1(d) and 1(e) ]. The fssures were oblique with respect to the Z axis, as can be seen in Figs. 1(d) and 1(e) . The top and the bottom surfaces also showed smooth in-phase undulations which resulted in a sinusoidal bending of the whole sample. We did not observe additional evolution of the gels after four days. In contrast, the gel walls of shunken NIPA gels with SWNT concentrations below c crit (including zero) did not undulate or form cusps, fssures, and surface cracks [15] . Thus, the deformations we have observed are not a result of inhomogeneous shrinking of the NIPA gel, as has been observed in various contexts in the past [21] .
To determine the type and strength of the point defects, we again inserted the gels between crossed polarizers. The four bright lobes associated with each defect suggest that the strength of the defects are 1 or 1 [1] . To determine the sign of the defects (i.e., 1 or 1), the position of the sample was kept fxed and the crossed polarizers were rotated counterclockwise in steps of 15 . The extinction branches for every defect rotated in the same sense as the polarizers suggesting the defects were 1. In Fig. 2 we show the counterclockwise rotation of the defect lobes with a counterclockwise rotation of crossed polarizers. Furthermore, by mapping the director feld around the 148301-2 defects using polarization microscopy and a =4-wave plate, we determined that the director feld around all point defects had radial orientation as sketched in Fig. 2 .
To elucidate how the director feld in these lyotropic nematic nanotube gels evolves to create radial 1 defects, we measured the director feld as a function of time while the gel sidewalls evolved from undulated to cusplike. At all stages of the gel evolution, the nematic director in the middle of the gel lay along the Y axis; the director was also parallel to gel surfaces. When the gel sidewalls developed undulations, the director feld near the gel walls followed the undulation. This surface induced director modulation relaxed within 50 -100 m along the X axis into the sample. Surprisingly, further into the gel we observed a second modulation of the director feld 180 out of phase with the frst modulation. This second modulation then relaxed within 100 m to the uniform nematic director at the middle of the gel. In Fig. 3 we show a birefringent image of a shrunken gel with undulated free surface and sketch the corresponding director feld. Notice that, except for the gray shaded region in Fig. 3(b) , the two director modulations at the concave part combine to give a a c 1mm d b director feld equivalent to a feld of a 1 defect. After cusping and fssure formation, the director in this region assumed an orientation parallel to the free surfaces of the fssure [Fig. 3(c) ]. The fnal director feld was that of a radial 1 defect [ Fig. 3(d) ]. The fssures create surfaces that are essentially perpendicular to the original undeformed surfaces of the gels. The simplest director confguration that satisfes the boundary conditions of being parallel to the fssure surfaces along them (i.e., along the X axis) and decaying to the perpendicular alignment in the sample center (i.e., along the Y axis) is a 1=2 defect centered at the fssure termination. This confguration would be energetically favored in fuid nematics with no shear elasticity. Interestingly, our observations show that 1 rather than 1=2 defects develop from the director modulation before cusping.
The lyotropic nematic gels exhibit another fascinating property. If we overlay the director feld shown in Fig. 3(d) on the image of the network of surface cracks in Fig. 4(a) , we fnd the surface cracks are orthogonal to the nematic director feld [ Fig. 4(b) ]. For example, near the middle of the gel and near the sidewalls away from the defects, the director feld lies along the Y axis and the surface cracks are along the X axis [ Fig. 4(a) ]. We also fnd the crack pathways deviate as they approach the radial 1 defect and form circular patterns [ Fig. 4 ]. Similar deviations of crack propagation by defects have been observed in brittle solids [4] . Interestingly, the surface cracks provide us with an- other route to map the director feld in the gel. In particular, the surface crack feld suggests the presence of 1=2-like defects in region A of Fig. 4(a) . Mapping of the director feld also indicated the presence of 1=2 defects in region A. We did not see any depolarized diffusion of light associated with a 1=2 defect core between crossed polarizers, but the same region A always appeared dark between crossed polarizers. It is likely that the core of these 1=2 defects is smeared out to a few microns because of the large length of SWNTs (few hundred nanometers) compared to that of conventional thermotropic liquid crystals (few nanometers). In addition, the optical signature of the depolarized light diffusion from the core could be very weak and its presence not easily detectable.
We propose a simple explanation for our observations. After the gel completely shrinks and the concentration of SWNTs in the gel becomes larger than c crit , the SWNTs in the gel start to align. The gel walls provide an aligning feld for the SWNTs. Consequently, the nematic order parameter becomes larger near the gel surfaces than in the bulk. At this stage, the nematic order of SWNTs competes with the polymer network elasticity. The coupling between the nematic director and the network elasticity gives rise to an internal tensile stress parallel to the director feld. This internal tensile stress causes the gel to stretch more near the surface than in the bulk, leading to an undulation of the free surface (buckling instability), eventually forming cusps and fssures. The same stress also induces cracks on the gel surfaces with the crack pathways being orthogonal to the nematic director [22] . The penetration depth of both the fssures and the cracks are possibly related to the gradient of the nematic order parameter.
Though complete theoretical modeling of the fnal defect and crack structure is diffcult, we have been able to demonstrate [23] , following procedures similar in spirit to those of Ref. [24] , that a nematic elastomer with a free surface will undergo a bucklinglike transition when compressed for appropriate values of shear rigidity and small values of the semisoftness parameter [25] , which produces a nonvanishing value for the modulus for shears in the plane of the director. The surface shape and director confguration of the unstable buckling mode approximate that shown in Fig. 3(b) . It is reasonable that the confguration of Fig. 3(d) will evolve from that of Fig. 3(b) when buckling is fully developed.
If we interpret the defect that forms at the crack tip as having a charge of 1, it must be accompanied by a charge 1 or two charge 1=2 defects. A 1=2 defect can be identifed inside the gel [ Fig. 4(b) ]. The director confguration at the surface can be interpreted as arising from a virtual 1=2 defect outside the sample to give two 1=2 defects. Alternatively, the defect at the crack tip can be viewed as a boojum [26] on a surface cusp with an effective 1=2 winding number to compensate the bulk 1=2 defect.
In summary, we have found that cracks and topological defects form in nematic nanotube gels due to the coupling between the nematic order and the elasticity of the polymer network. Our fndings can have important implications in the use of lyotropic nematic elastomers and gels as actuators or artifcial muscles.
